The expression of six of the mammalian cell-entry (mce1a-mce1f) genes of the mce1 operon of Mycobacterium tuberculosis has been described previously. In this study, data are presented for the expression of other mammalian cellentry homologues (mce-2a, mce-3a and mce-4a) at the RNA level, as determined by RT-PCR. The stress responses of these genes and of other immunologically important antigens are also characterized with respect to the introduction of oxygen depletion. Analysis of the expression of the mceA genes in relation to oxygen depletion revealed that they were expressed differentially. The RT-PCR results showed that mce-1a, mce-2a, hspX (encoding the α-crystallin antigen Acr) and esat-6 (encoding the early secretory antigenic target-6) were expressed throughout the cultivation period, whereas the expression of mce3a and mce-4a was downregulated in the later stages of cultivation. This study gives new insights into the expression profiles of the different mce operons and the hspX and esat-6 genes in an in vitro model of dormant-like bacilli. Identification of the genes that are differentially expressed under aerobic conditions and under oxygen-limited conditions contributes to our understanding of the bacilli involved in latent tuberculosis.
INTRODUCTION
Mycobacterium tuberculosis is able to escape the oxygen-dependent and oxygen-independent killing mechanisms of macrophages and to survive in host tissue without causing active disease for long periods of time (McKinney et al., 1998) . Dormant bacilli remain quiescent in the host tissue without any sign of infection, and most cases of tuberculosis are due to the reactivation of dormant M. tuberculosis bacilli rather than to recent infection (Smith & Moss, 1994) . At present, one-third of the world's population is estimated to be latently infected with this pathogen, and about 10 % of this population will develop reactivated tuberculosis during their lifetime. Currently, M. tuberculosis is responsible for 20 million active cases of tuberculosis and for three million deaths annually (Kochi, 1991) . In general, the variability in the efficacy of the Bacille Calmette-Gue! rin (BCG) vaccination and its lack of significant effects against reactivated tuberculosis necessitate new strategies for the prevention of reactivation by elimination of dormant bacilli during latent infection. Identification of the genes that are expressed during dormancy is a fundamental goal if new vaccines and anti-mycobacterial drugs targeted against the pathogen when it is in this stage of infection are to be considered.
The survival mechanism of dormant tubercle bacilli is still obscure. Different studies have been conducted to elucidate the nature of this dormant state. Clinical and experimental evidence suggest that mycobacterial persistence might arise in response to different stress responses, such as oxygen limitation (Wayne & Lin, 1982) . In addition, oxygen-starved tubercle bacilli are rapidly killed by the drug metronidazole, which is usually used for the treatment of infections caused by anaerobic microbes (Wayne & Sramek, 1994) . Attempts have been made to identify and characterize genes expressed under stress conditions. Variations in antigen composition in vitro between non-dividing and actively growing bacilli have been demonstrated (Wayne & Sramek, 1979) . Protein analysis of cultures grown under stress conditions has demonstrated the accumulation of an α-crystallin-like protein (Acr) in mid-exponential and Forward, 225-245  5h-CAC CAT CTC GGA GGT CAC ACG-3h  Reverse, 520-501  5h-CGC TCA GGG TCA GGT TCA GC-3h  2  mce-2a  Forward, 117-136  5h-ATT CAC GCC GAA GAC CGA GC-3h  Reverse, 430-411  5h-CCG ACC CCA CAT CAA TCA CG-3h  3  mce-3a  Forward, 529-548  5h-GGG CAA GGT GAA GGC ATA GG-3h  Reverse, 883-864  5h-GGA AGC AGG TGT ATT CGG GG-3h  4  mce-4a  Forward, 190-210  5h-GGC ATC CAG GTA GGC AAG GTC-3h  Reverse, 569-550  5h-CGG GTC AGC GTG TTC AGT CC-3h  5 esat-6 Forward, 71-91 5h-CCA TTC ATT CCC TCC TTG ACG-3h Reverse, 285-267 5h-TGC GAA CAT CCC AGT GAC G-3h 6 hspX Forward, 126-146 5h-GGA AGA CGA GAT GAA AGA GGG G-3h Reverse, 306-286 5h-AAC CGC CAC CGA CAC AGT AAG-3h 7 16S rRNA Forward, 469-491 5h-TTG ACG GTA GGT GGA GAA GAA GC-3h Reverse, 909-888 5h-CCT TTG AGT TTT AGC stationary phase cultures of M. tuberculosis (Yuan et al., 1996) . Experimental evidence has also indicated that Acr is needed for the growth of M. tuberculosis in cultured macrophages (Yuan et al., 1998) . However, the genetic factor(s) responsible for dormancy are still not known. One of the assumptions is that adaptation of the bacilli to long-term survival under stress conditions may be associated with coordinated alterations in the pattern of gene expression. Alternatively, the entry and invasion mechanisms of the bacilli might be associated with their survival under unfavourable conditions. In addition, recent findings indicate that M. tuberculosis escapes from unfavourable conditions by hiding in non-professional phagocytic cells as well as by evading the macrophage response (Hernandez-Pando et al., 2000) . Arruda et al. (1993) have shown that a cloned mammalian cell-entry gene (mce-1a) from M. tuberculosis conferred upon non-pathogenic Escherichia coli the ability to invade and survive inside a human cancer cell line (HeLa) and inside macrophages. This gene is associated with two integral proteins and is succeeded by five genes, and is assumed to be important for the entry and survival of M. tuberculosis in the host cell. Information gained from the M. tuberculosis wholegenome sequence has revealed the presence of four homologous mce operons, termed mce1, mce2, mce3 and mce4 (Cole et al., 1998) . One of the possible explanations for the duplication of mce is the variation in the regulation of each operon (Ahmad et al., 1999) . Investigating the expression profiles of the mce genes in each of the operons in relation to oxygen depletion might give an overview as to how the transcription of these homologous operons is coordinated. As described by Haile et al. (2002) Although the expression of all six of the mce1 genes of the mce1 operon has been demonstrated by Harboe et al. (1999) , the regulatory mechanisms of these genes are largely unknown. In this study, we have looked at the relationship between in vitro actively growing and nondividing tubercle bacilli with regard to the expression profiles produced by the different mce operons, using the third gene of each operon as the representative for the operon. In addition, we have studied hspX (encoding the M. tuberculosis 16 kDa α-crystallin antigen Acr) and esat-6 (encoding the early secretory antigenic target-6). Acr is known to accumulate in stationary and midexponential phase cultures (Yuan et al., 1996) of M. tuberculosis ; ESAT-6 is an important antigen that is primarily expressed during the early phase of growth (Andersen et al., 1991) and is recognized by human Band T-cells (Harboe et al., 1998 ; Ulrichs et al., 1998 ; Mustafa et al., 2000) .
METHODS
Preparation of stock culture. A colony of M. tuberculosis H37Rv taken from a Loewenstein-Jensen medium slant was inoculated into 10 ml of Dubos broth containing albumindextrose complex (ADC) (Difco) and cultured for 10 days at 37 mC with shaking at 12 h intervals. The culture was then inoculated into 200 ml of Dubos\ADC medium and incubated as a stationary culture, which was shaken once a day. The culture was kept at 37 mC for 10-14 days, until it reached midexponential phase (about 10( bacilli ml − ") and appeared cloudy. The number of bacilli present in the culture was estimated by using the McFardland standard and counts in a Toma chamber after acid-fast staining. The bacilli were then distributed into 50 ml falcon tubes and kept as stock cultures at k70 mC until required.
Preparation of cultures for restricted oxygen supply. Frozen cultures were subcultured into fresh medium (1 : 10, v\v). Experiments were done by transferring cultures with actively growing bacilli into 50 ml falcon tubes in a 2 : 1 air-to-medium (space) ratio ; the cultures were incubated without shaking at Expression of mceA genes 37 mC for up to 2 months. Assessment of cell viability was done at 7, 10, 20, 30, 40 and 60 days culture, by determining the c.f.u. counts on solid medium as described previously (Phyu et al., 1998) .
Recovery of mycobacteria and isolation of RNA. Bacterial pellets were recovered at different time points from 20 ml samples of the culture medium by centrifugation at 5000 g for 10 min. RNA was then isolated from the cell pellets by using the combination of a shaking device (Hybaid) and Trizol RNA isolation buffer (Life Technologies) in a Hybaid ribolyser blue matrix (Hybaid), consisting of acid-washed, RNase-free silica\ceramic beads (Hybaid). Trizol RNA isolation buffer (1 ml) and 100 µl cell pellet were added to the matrix prior to the disruption of the cell wall by sonication for 45 s (speed 6n5). The resulting lysate was mixed with 200 µl chloroform, shaken vigorously for 10 s and kept at room temperature for 2 min. It was then centrifuged at 12 000 g for 30 min at 4 mC, to separate the cell debris from the supernatant. The upper aqueous phase, which contained the total RNA, was carefully pipetted into an Eppendorf tube. Subsequently, 500 µl 2-propanol was added to the aqueous phase, and the mixture was incubated at room temperature for 10 min. The RNA was then pelleted by centrifugation at 12 500 g for 15 min at 4 mC. The supernatant was discarded and the RNA pellet was washed once with 75 % (v\v) ethanol. The ethanol was removed from the pellet after centrifugation at 7500 g for 5 min ; the pellet was then air-dried and redissolved in 50 µl RNase-free water and the RNA concentration was determined spectrophotometrically at 260 nm.
Primers for cDNA synthesis and RT-PCR. A pair of primers for each gene was designed and ordered from MedProbe. The sequences for the primers used in this study are listed in Table  1 and are given in the 5h 3h direction.
Removal of genomic DNA and cDNA synthesis. To remove genomic DNA, the RNA was treated with RNase-free DNaseI (Life Technologies) prior to cDNA synthesis. Five millilitres of 10iDNaseI buffer and 5 U RNase-free DNaseI were added to 50 µl total RNA and then incubated at room temperature for 15 min. The nuclease activity was stopped by adding 1 µl of 25 mM EDTA (pH 8) to the reaction mixture, which was then incubated at 65 mC for 10 min. cDNA was then synthesized from 0n5 µg of DNaseI-treated total RNA in a total reaction volume of 30 µl, using avian myeloblastosis virus (MLV) reverse transcriptase (Promega). The reaction mixture contained reverse transcriptase buffer, a dNTP mix (0n25 mM each of dATP, dCTP, dTTP and dGTP), 1 mM reverse primer, 0n6 U RNase inhibitor (Promega) and 25 U MLV reverse transcriptase. The mixture was incubated at 42 mC for 50 min in a waterbath, heated to 95 mC for 5 min to inactivate the enzyme and then chilled on ice. Finally, 70 µl RNase-free water was added to the mixture and the sample was stored at k20 mC until used for PCR.
PCR.
To choose the right concentration of cDNA for semiquantitative analysis, a 10-fold serial dilution of the cDNA was made. PCR was then performed in a total volume of 25 µl, using an automated GeneAMP system 9700 thermal cycler (Perkin Elmer). The reaction mixture contained PCR buffer (10 mM Tris\HCl, pH 8n3, 3 mM MgCl # , 50 mM KCl), a dNTP mix (0n2 mM each of dATP, dCTP, dGTP and dTTP), 1 µM of the reverse and the forward primer and 1n6 U Taq DNA polymerase (Promega). The amplification procedure involved initial denaturation at 94 mC for 4 min followed by 35 cycles of denaturation at 94 mC for 1 min, annealing of primers at 60 mC for 1 min and primer extension at 72 mC for 30 s. After completion of the 35th cycle, the extension reaction was continued for another 10 min at 72 mC. The positive control consisted of M. tuberculosis genomic DNA ; the negative control consisted of the reaction mixture minus the cDNA. We chose 16S rRNA as the internal control, based on the assumption that the presence of intact 16S rRNA is associated with the presence of live bacilli ; 16S rRNA is also highly abundant in cells.
RESULTS

Establishment of oxygen restriction in the culture
Based on c.f.u. counts, the bacilli replicated from day 0 up to day 20. The number of proliferating bacilli remained at the same level between days 40 and 60, after which time the number started to decrease. The cultures appeared different at the different stages of growth. As observed by Hu & Coates (1999) , bacilli were found exclusively at the surface of the culture medium until about day 10, whereupon they started to sink down in the medium. Within 2 months of inoculation, all of the bacilli appeared as sediment at the bottom of the culture vessel. In our culture system, the bacilli remained on the surface of the medium until day 20 and then started to sink down the medium, indicating that bacilli had entered into a non-replicating stage. Since the cultures were sealed and not agitated, the amount of available oxygen decreased ; hence, the cultures gradually transformed from being oxygen-rich to hypoxic. We chose cultures incubated for 7-10 days, 20-40 days and 2 months to investigate the expression of the mce-1a, mce-2a, mce-3a, mce-4a, hspX and esat-6 genes in actively replicating and non-replicating cultures of M. tuberculosis.
Assessment of transcription of the different mce genes
To assess the transcription of the mce-1a, mce-2a, mce3a, mce-4a, hspX and esat-6 genes, total RNA was isolated from an actively replicating culture of M. tuberculosis and subjected to DNaseI treatment. Reverse primers were used for cDNA synthesis, which was then amplified by PCR using specific primers for each gene. The transcription of mRNA from esat-6, hspX and the mce operons as determined by RT-PCR is shown in Fig. 1 . The negative control showed that the bands produced in the test samples were from M. tuberculosis.
Standardization of the total RNA and differential expression of the different mceA genes
To assess the presence of any inhibitory substances and for the normalization of the RNA in different samples we chose 16S rRNA as the internal control. The presence of non-degraded 16S rRNA under actively replicating and non-replicating conditions was used as the criterion for the presence of live bacilli (10 000-100 000 copies of 16S rRNA per cell). cDNA was synthesized from 0n5 µg of total RNA isolated from M. tuberculosis at 7, 10, 20, 30, 40 and 60 days of culture by using the 16S rRNA reverse primer (Table 1) Fig. 1 . Expression of the mce-2a, mce-3a, mce-4a, esat-6 and hspX genes, as determined by RT-PCR. Lanes : 1, molecular mass marker ; 2, empty well ; 3, mce-2a RNA ; 4, mce-2a negative control ; 5, mce-3a RNA ; 6, mce-3a negative control ; 7, mce-4a RNA ; 8, mce-4a negative control ; 9, esat-6 RNA ; 10, esat-6 negative control ; 11, hspX RNA ; 12, hspX negative control. extracted from the same cultures by using the 16S rRNA primer pair (Table 1) . Similar levels of 16S rRNA were observed throughout the whole culture period (Fig. 2) ; this result ruled out the presence of strong inhibitory substances in the culture medium.
To assess the expression of esat-6, hspX and the mceA genes with increasing oxygen depletion, we extracted mRNA at different time points (i.e. at 7, 10, 20, 30, 40 and 60 days of culture) and performed RT-PCR. Up until the 20th day of culture all of the genes investigated here were expressed. mce-1a, mce-2a and hspX were expressed in the actively growing and non-replicating cultures (Fig. 2) . We also observed expression of hspX in the actively growing culture at 7 and 10 days of culture. esat-6 was expressed in the actively growing and nonreplicating cultures (Fig. 2) . We performed RT-PCR for 16S rRNA on the same RNA sources as used above and obtained a positive signal at all time points (Fig. 2) . Visual inspection of the stained gels showed that the RT-PCR products for mce-1a and mce-2a in the actively growing and non-replicating cultures of M. tuberculosis were present at similar levels. One of the striking findings from this study was that expression of both mce-3a and mce-4a was positive on the 7th, 10th and 20th day of culture. There was a very weak positive signal for the expression of mce-4a at the 40th day of culture, but this was only revealed by densitometry. Otherwise, there was no expression of mce-3a or mce-4a in the oxygen-depleted phase, although 16S rRNA was present during this phase (Fig. 2) .
DISCUSSION
Assessment of the stress responses of M. tuberculosis at the molecular level is still in its infancy. Antigenic differences between extracts from actively growing and non-replicating M. tuberculosis cells have been described previously (Wayne & Sramek, 1979) . In this study, we defined actively replicating and non-replicating cultures of M. tuberculosis on the basis of culture characteristics and c.f.u. counts of the bacilli. A large inoculum might lead to an early shiftdown of oxygen availability and to the induction of genes that are expressed under stress conditions. However, in our experiments we used a small initial inoculum. The 10-fold increase in the c.f.u. count of the bacilli indicated the presence of enough oxygen and nutrients in the medium for multiplication of the bacilli in the initial stages of culture. Research efforts into understanding the effects of oxygen deprivation on in vitro dormantlike bacilli have shown a direct relationship between dissolved oxygen, DNA synthesis and the concentration of glycogen dehydrogenase present (Wayne & Hayes, 1996) . In our experiments, the stable c.f.u. counts observed after day 20 of cultivation could be an effect of oxygen depletion in the unagitated culture in addition to the nutrient deprivation and decreased pH. Wayne & Lin (1982) showed that vegetatively growing M. tuberculosis cells switch their metabolism to the glyoxylate pathway to survive under anaerobic conditions and form a sediment at the bottom of the culture vessel, whereas actively growing bacilli stay at the surface of the culture medium where they get enough oxygen for multiplication because oxygen access is not limited. In our experiments, all of the bacilli remained at the surface of the culture medium in the replicating stage of growth and no bacilli were present at the bottom of the culture vessel. After 20 days culture, the bacilli started to sink down the medium ; after 40 days culture all of the bacteria were found at the bottom of the culture vessel, indicating that oxygen was about to be depleted.
Expression of mceA genes
Contamination by genomic DNA in the total RNA preparation leads to false positive results. In our study, the presence of genomic DNA was less likely to influence results because we used DNaseI-treated total RNA rather than immediate cDNA synthesized from RNA in the RT-PCR procedure. We were also able to amplify 16S rRNA, the control, from all of our test samples but not from the negative control, indicating that inhibitors were not causing false negative results in our experiments. Previous experiments have indicated that mce-1a is required for entry into and survival of M. tuberculosis in the host cell (Aruda et al., 1993 ). An expression study has indicated that polyvalent rabbit antibodies generated by immunization with sonicates of BCG bacilli reacted with synthetic peptides from the six proteins (Mce1a-Mce1f) translated from the mce1 operon . Now, using the third gene as the representative for each operon, we have shown expression of the M. tuberculosis mce-2a, mce-3a and mce4a genes. In addition to demonstrating their expression, we also noticed differential regulation of the different mceA genes in response to oxygen depletion. Downregulation of the mce-3a and mce-4a genes may start earlier in the growth phase, but it was not noticed here due to the sensitivity of the RT-PCR technique. Whether this is the case remains to be elucidated, but our results do indicate that almost complete downregulation of expression of mce-3a and mce-4a was achieved by 30 days culture. Several explanations and suggestions could be forwarded from these observations. Besides the wide distribution of the four mce operons in mycobacteria other than tuberculosis (MOTT) (Haile et al., 2002 ; , the expression of all the mceA genes in actively growing M. tuberculosis cultures indicates their functional importance in the entry and survival of the bacilli in the host cell. Further expressional studies at the protein level of the mce operons in MOTT will help to clarify this point. Alternatively, the pathogenicity of M. tuberculosis might depend on all of the genes in the different mce operons working together or different stimuli could activate different genes in the same or different operons. In this regard, the invariable expression of mce-1a and mce-2a might reflect the importance of both of these genes in actively growing and non-replicating dormantlike bacilli, while mce-3a and mce-4a might be functionally important only in actively growing bacilli. Realtime quantitative PCR may be used to identify more exactly the time point and conditions that initiate downregulation of mce-3a and mce-4a. While oxygen depletion was used to study gene expression in nonreplicating bacilli in vitro in this work, further studies are necessary to determine whether downregulation of mce-3a and mce-4a is associated with dormancy in vivo. Expression of the mceA genes is not necessarily representative of the expression of the other genes within each of the respective operons. We have previously shown that the six genes of the mce1 operon, mce1a-mce1f, are expressed upon in vitro culture of M. tuberculosis , but further expression studies on genes mceB-mceF are needed to clarify whether these genes are upregulated or downregulated upon oxygen depletion. One of the controversies with regard to the dormancy of M. tuberculosis is whether dormant M. tuberculosis bacilli are present only in oxygen-depleted granulomas. Different experiments have suggested that hypoxic conditions occur concomitantly with granuloma formation and that the bacilli downregulate the expression of many genes under hypoxic conditions and enter into non-replicating, dormant stages. Recent data have suggested that dormant bacilli are found not only in macrophages of granulomas but also in non-professional phagocytic cells. Dormant bacilli have been isolated from normal-looking lung biopsies (HernandezPando et al., 2000) . This controversy can only be resolved by further analyses of tissue samples. Finally, the levels of expression of the different mce genes might be important for evaluating their putative functions. Quantitative analysis will give information about the relative expression of the different mce genes and will also provide information for genes that have a function in the regulation of transcription. The ORFs Rv0165c, Rv0586, Rv1963c and Rv3522 have been suggested to have a transcriptional regulatory function and may be involved in regulation of the mce operons, as they are found upstream of the operons mce1, mce2, mce3 and mce4, respectively (Cole et al., 1998) . hspX is known to be strongly induced by mildly hypoxic conditions (Yuan et al., 1996) . Unlike the studies by Sherman et al. (2001) , Desjardin et al. (2001) found hspX to be expressed in both aerobic and stationary phase cultures. As explained previously by Florczyk et al. (2001) , the differences in bacterial culture conditions have important implications for the study of gene expression in mycobacteria. In addition, RNA analysis is more sensitive than protein analysis, and this might explain why we detected hspX in the early growth stages of the M. tuberculosis cultures used here. We also found esat-6 to be expressed in non-replicating bacilli, indicating that this gene is active not only in the early phase of culture (Sørensen et al., 1995) but also in the late phase. Quantitative transcriptional analyses of the hspX and esat-6 genes might be required to fully understand the expression of these genes in the early and late phases of culture. Since oxygen deprivation was associated with a depletion in the levels of mce-3a and mce-4a expression, the presence of mce-3a and mce-4a mRNA in actively growing bacilli suggests a possibility for distinguishing between the active disease and latent tuberculosis.
